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In Brief
Benedetti-Cecchi et al. evaluated the
performance of classical early warning
indicators of regime shift in a system
approaching a critical threshold under
moderate and strong fluctuations of the
state variable. Their results indicate that
regime shifts may be anticipated under a
broad range of fluctuating conditions
using the appropriate indicator.
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Ecosystems may shift abruptly between alternative
states in response to environmental perturbations
[1–3]. Early warning indicators have been proposed
to anticipate such regime shifts, but experimental
field tests of their validity are rare [4–6]. We exposed
rocky intertidal algal canopies to a gradient of press
perturbations and recorded the response of associ-
ated assemblages over 7 years. Reduced cover and
biomass of algal canopies promoted the invasion of
algal turfs, driving understory assemblages toward
collapse upon total canopy removal. A dynamic
model indicated the existence of a critical threshold
separating the canopy- and turf-dominated states.
We evaluated common indicators of regime shift as
the system approached the threshold, including
autocorrelation, SD, and skewness [7]. These indica-
tors captured changes in understory cover due to
colonization of algal turfs. All indicators increased
significantly as the system approached the critical
threshold, in agreement with theoretical predictions
[2, 8, 9]. The performance of indicators changed
when we superimposed a pulse disturbance on the
press perturbation that amplified environmental
noise. This treatment caused several experimental
units to switch repeatedly between the canopy-
and the turf-dominated state, resulting in a signifi-
cant increase in overall variance of understory cover,
a negligible effect on skewness and no effect on
autocorrelation. Power analysis indicated that auto-
correlation and SD were better suited at anticipating
a regime shift under mild and strong fluctuations of
the state variable, respectively. Our results suggest
that regime shifts may be anticipated under a broad
range of fluctuating conditions using the appropriate
indicator.
RESULTS AND DISCUSSION
Generic indicators of incipient regime shifts have been derived
from the theoretical prediction that recovery from small perturba-
tions should slow down in the proximity of catastrophic transi-Current Biology 25, 18tions, a phenomenon known as critical slowing down [8]. As a
consequence of critical slowing down, a system approaching
a catastrophic threshold has a longermemory for stochastic per-
turbations, and this results in characteristic fluctuations, such as
enhanced autocorrelation and variance in state variables [9–11]
(Figure 1A). However, large stochastic environmental fluctua-
tions may cause a system to switch back and forth between
alternative states, a phenomenon termed flickering [9, 13] (Fig-
ure 1B). Early warning indicators may fail to anticipate regime
shifts in these circumstances [14, 15], but simulations and time
series analysis have shown that flickering may be associated
with a rise in variance [12, 13].
An empirically parametrized model indicated the presence
of a critical threshold between a system dominated by the
fucoid canopy alga Cystoseira amentacea Bory var. stricta
Montagne and a system dominated by algal turfs (low-lying,
filamentous, and coarsely branched algae). The model pre-
dicted a switch between these alternative states upon loss
of approximately 75% of canopy biomass (Figures 3A and
S1; Table S1). To evaluate the performance of indicators
as the system approached this threshold, we crossed
a press perturbation consisting in the annual clipping of
C. amentacea canopy (mimicking the effect of enhanced
desiccation) with a pulse disturbance (simulating the effect
of a strong storm) affecting both the canopy and the under-
story assemblage in a two-way factorial experiment (Figure 2;
see Supplemental Information for further details on experi-
mental treatments). The press perturbation was designed to
generate a gradient of increasing competitive pressure on
understory assemblages from algal turfs in focal plots of
50 3 50 cm (Figures 2 and S2). The focal plot was (1) unclip-
ped and surrounded by full canopies (canopy full [CF]); (2) un-
clipped with full canopies on three sides and clipped canopies
on one side alongshore (an area of 2.5 3 0.5 m; canopy
margin [CM]); (3) clipped with full canopies on three sides
and clipped canopies on one side alongshore (turf margin
[TM]); or (4) clipped with clipped canopies on both sides
alongshore and full canopies on the upper and lower margins
(i.e., the focal plot was in the middle of an area of 5.5 3 0.5 m
of clipped canopy; turf full [TF]). Clipped areas adjacent to
focal plots were large enough to allow colonization of algal
turfs, which could, in turn, spread vegetatively into focal plots,
increasing competitive pressure to understory assemblages.
Clipping the canopy in the focal plot increased turf coloniza-
tion, enabling recruitment from the water column and facili-
tating lateral encroachment. The pulse perturbation (two
levels: uncleared versus partially cleared) was designed to67–1872, July 20, 2015 ª2015 Elsevier Ltd All rights reserved 1867
Figure 1. Typical S-Shaped Curve Showing
Alternative Stable States and a Critical
Threshold
Typical s-shaped curve showing alternative stable
states and a critical threshold, also called a fold
bifurcation plot [8].
(A) A regime shift occurs when the state variable
(e.g., population abundance) moves along the
upper branch of the curve in response to changes
in a condition variable (e.g., environmental per-
turbation). When a critical threshold is crossed,
the state variable jumps to the alternative state
on the lower branch of the curve. The condition
variable must improve well beyond the critical
threshold point to enable the recovery of the
original state, a phenomenon known as hysteresis.
Solid red lines show paths along stable equilibria,
whereas the dashed red line marks unstable
equilibria separating the two alternative states.
Gray arrows show expected paths toward
equilibrium for different starting points of the state
variable. Upper panels illustrate how temporal
fluctuations of the state variable become more
variable and autocorrelated as the system ap-
proaches the threshold. The time needed for
the system to recover from a moderate distur-
bance is also expected to increase close to the
threshold. This is critical slowing down. Expected changes of indicators are illustrated below the s-shaped curve.
(B) A systemmay switch back and forth between alternative states well before the critical threshold is reached when environmental noise is large, a phenomenon
termed flickering [2]. The variance of the state variable is expected to increase as the system approaches the critical threshold, but the other indicatorsmay not be
evident [12].magnify the effects of canopy clipping [16]. It was applied only
once at the start of the experiment and consisted of clearing
all erect organisms from approximately 10% of the surface
in focal plots and adjacent areas (Figure 2).
Understory cover remained large in CF and CM plots over
the course of the experiment, whereas it declined in TM and
TF plots particularly when the clipping treatment was com-
bined with the pulse disturbance (Figures 3B–3E). Unexpect-
edly, the pulse perturbation also induced strong temporal fluc-
tuations, causing partially cleared TM and TF plots to switch
repeatedly between the canopy- and the turf-dominated state
(Figure 3). Our model allowed us to quantify this flickering
effect simply as the number of times each plot switched be-
tween the two alternative states during the experiment (Fig-
ure 3A). The number of transitions in partially cleared plots
was twice that in uncleared plots (30 versus 15), a pattern
that can be recognized also in the temporal trajectories of
understory cover (Figures 3B–3E). How could the pulse distur-
bance induce such strong fluctuations? The edges of small
gaps within canopy stands may be more susceptible to distur-
bance from wave action than undisturbed areas, as observed
in mussel beds [17, 18]. Storms may thus have enlarged the
experimental clearings, promoting the colonization of algal
turfs, particularly in TM and TF plots where clipping reduced
shading effects. Established algal turfs were themselves
exposed to storms and desiccation events so they could be
dislodged from an occupied gap, but recovery was quick
because algal turfs are composed by fast-growing ephemeral
species [19]. Therefore, pulse perturbations may have initiated
a series of local colonization and extinction events of algal1868 Current Biology 25, 1867–1872, July 20, 2015 ª2015 Elsevier Lturfs by amplifying the impact of storms. The removal of weak-
ened post-reproductive secondary fronds of C. amentacea by
a large storm (3.5 m maximum wave height) that struck
the study site in late summer 2008 explains the invasion of
algal turfs and consequent reduction in understory cover
observed shortly after (October 2008). This was a transient
effect that lasted less than one year in unclipped plots
where C. amentacea quickly re-established a full canopy
through vegetative growth, allowing recovery of the understory
assemblage. The storm, in contrast, had a more persistent
effect in partially cleared TM and TF plots where understory
species were already declining before the disturbance
(Figure 3). These patterns further suggest that multiple exoge-
nous processes (storms, natural senescence of the canopy)
could interact to produce flickering effects in partially cleared
plots.
The differential response of understory cover to the pulse
perturbation allowed us to evaluate the performance of indica-
tors under contrasting dynamic scenarios. Autocorrelation
increased significantly along the gradient of canopy loss in un-
cleared, but not partially cleared, plots (Figure 4A). A significant
decline of return rate with canopy loss in uncleared, but not
partially cleared, plots paralleled this pattern (Figure S3A). SD
increased significantly along the gradient of canopy loss both
in uncleared and partially cleared plots, although the test had
nearly twice the statistical power in the presence than in the
absence of the pulse disturbance (Figure 4B). The coefficient
of variation, another common early warning indicator, mimicked
this pattern (Figure S3B). Skewness also increased (became
less negative) with canopy loss, but this effect wasmore evidenttd All rights reserved
Figure 2. Experimental Perturbations De-
signed to Enhance the Recruitment and
Vegetative Propagation of Algal Turfs into
Focal Plots
Focal plots with clipped and unclipped canopies
are shown by red and blue squares, respectively.
(A) Canopy full (CF).
(B) Canopy margin (CM).
(C) Turf margin (TM).
(D) Turf full (TF).
Semitransparent colors indicate clipped (red) or
unclipped (blue) areas (2.5 3 0.5 m) adjacent to
focal plots. Each level of canopy clipping was
crossed with either the presence (partially cleared
plots) or the absence (uncleared plots) of a pulse
perturbation, consisting of clearing approximately
10% of the surface of all erect organisms in
randomly distributed gaps of about 10 3 10 cm.
Clearings were expected to enhance turf coloni-
zation in clipped, but not unclipped, plots [16]. This
treatment extended to the areas adjacent to the
focal plots. Each panel shows the uncleared
(partially cleared) treatment in the upper (lower)
position and drawings of the focal plots. All plots
were fully embedded within belts of C. amentacea.
Each treatment was intended to allow or deny turf
colonization through vegetative growth and set-
tlement from the water column, as indicated
qualitatively by the black and green lines. There
were five replicate plots in each combination of
press 3 pulse perturbations.in uncleared plots (Figure 4C). There were two distinct groups
of canopy clipping treatments in partially cleared plots, with
larger skewness in TM and TF than in CM and CF (Figure 4C).
Inspection of frequency distributions indicated that understory
cover was left skewed under canopy-dominated conditions,
becoming less skewed along the gradient of canopy clipping
(Figure S3C).
These results show how the performance of indicators may
vary in relation to the underlying dynamics of the system. Catas-
trophe theory predicts that autocorrelation and variance should
rise simultaneously, while return rate should decrease with crit-
ical slowing down [8] (Figure 1A). The patterns observed in un-
cleared plots supported these predictions, but they also show
that tests of autocorrelation and return rate had greater statistical
power than tests based on variance in the absence of marked
fluctuations. Although not a direct consequence of critical slow-
ing down, skewness also increased along the canopy perturba-
tion gradient, indicating the proximity to the critical threshold
[20]. In contrast, tests of variance were more powerful under
strong fluctuating conditions, suggesting that SD and the coeffi-
cient of variation may be best suited at identifying flickering ef-
fects (Figure 1B). Although skewness did not decline as could
be expected under flickering conditions [13], it did not differ be-
tween the two most extreme canopy clipping treatments (TM
and TF) in the presence of pulse perturbations and did not
show the linear relation with canopy loss displayed in uncleared
plots.
There are two main routes leading to transitions between
alternative states. One is the classical approach to a critical
threshold, with an underlying shift in the parameters of the po-Current Biology 25, 18tential function describing the shape of the basin of attraction
[8]. The other route is stochastic switching, where external
stochastic fluctuations drive the system from one basin of
attraction to another, with no variation in the shape of the
basin—i.e., no change in the underlying parameters [21–23].
Early warning indicators may appear in both routes, and,
therefore, they are not unique hallmarks of critical transitions
[24]. Furthermore, indicators may not show up under extremely
noisy or chaotic conditions [25]. These uncertainties have orig-
inated concerns about the ability of early warning indicators to
anticipate regime shifts [14, 15]. Real ecosystems are likely to
be located somewhere along the continuum defined by critical
slowing down and stochastic switching, rather than being
locked into one of these extremes. Our results show that at
least one indicator should have reasonable statistical power
to anticipate an upcoming transition under the prevalence of
one or the other dynamic scenario. Our findings also provide
empirical support to the results of previous observational [13]
and modeling [12] studies that flickering can anticipate a
regime shift in noisy systems when critical slowing down is
not relevant.
Experimental tests of early warning indicators remain rare.
Previous field studies have generally relied on natural stochastic
perturbations when evaluating early warning signals along
disturbance gradients [5, 6] (but see [4]). In laboratory experi-
ments, where noise is comparatively lower, small pulse perturba-
tions have generally been superimposed to the main perturba-
tion gradient [26–28]. Our study has implemented both these
approaches in a field experiment, showing how advanced warn-
ing of an upcoming transition is achievable using relatively short67–1872, July 20, 2015 ª2015 Elsevier Ltd All rights reserved 1869
Figure 3. A Critical Threshold Separates the
Canopy- from the Turf-Dominated State
(A) Bifurcation diagram with experimental data at
the last sampling date. Canopy loss for individual
plots was determined as the difference between
maximum biomass corresponding to 100% can-
opy cover (317 g 400 cm2) and the biomass
estimated at the last sampling date of the experi-
ment. Dark gray line indicates stable equilibria;
light gray line indicates unstable equilibria. Size of
symbols increases with the number of transitions
between alternative states over the course of the
experiment.
(B–E) Trajectories of uncleared and partially
cleared plots in each level of canopy clipping:
CF (B), CM (C), TM (D), and TF (E). References for
the canopy and turf alternative states were ob-
tained from uncleared CF plots and from plots
where both the canopy and the holdfast of
C. amentacea were removed (TC), respectively,
and are shown as 95% confidence interval regions
in light green and pink with a loess smoother in
white. Understory cover did not decline to zero in
TC plots because of the presence of encrusting
coralline algae that neither were part of the un-
derstory assemblage nor belonged to the algal turf
category.and noisy time series, under varying levels of environmental sto-
chasticity. It should be noted, however, that our analysis was
based on interpolated data. Interpolation can increase autocor-
relation artificially if, for example, the number of interpolated
points increases close to a tipping point [29]. This was not the
case in our study because the number and spacing of interpo-
lated data points was identical across levels of canopy clipping,
and for each level, we sampled the same number of equally
spaced points.
Transitions from canopy-dominated assemblages to algal
turfs or barren habitats are occurring globally along the
world’s temperate coasts [30–33]. Our results suggest that
some of these shifts might be anticipated using data from
past or ongoing canopy removal experiments or long-term
observational data [34]. The possibility of using spatial as
opposed to temporal early warning signals should also be
explored in these systems [26, 35, 36]. There is growing
awareness that increasing human footprints on the Earth’s
biosphere may drive many ecosystems, including the whole
planet, toward critical thresholds and unprecedented regime
shifts [37]. Given the potential impacts that these undesired
transitions may have on humanity, evaluating the susceptibility
of ecosystems to undergo such dramatic changes is key to1870 Current Biology 25, 1867–1872, July 20, 2015 ª2015 Elsevier Lsetting priorities for environmental conservation and manage-
ment. Anticipating regime shifts remains an uncertain task,
and diverging patterns among indicators may be the norm
rather than the exception in real world tests. Further progress
will depend on our ability to discern these patterns in a
continuing changing world.
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